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Abstract

The two RHIC rings are equipped with superconducting dipole magnets. At injection, induced

persistent currents in these magnets lead to a sextupole component. As the persistent currents decay

with time, the horizontal and vertical chromaticities change. From magnet measurements of persistent

current decays, chromaticity changes in the machine are estimated and compared with chromaticity

measurements.

1 Introduction

Persistent currents are eddy currents that are induced in the �laments of superconducting
magnets through a change in the magnetic �eld. They lead to �eld distortions in the
magnets. At a constant �eld during injection these currents decay with time. Decay rates

typically vary from magnet to magnet and depend on the magnetic �eld history as well
as on cable properties [1].

The magnetic �eld errors inside long straight magnets can be described through mul-
tipole coe�cients according to

By + iBx = Bref

1X
n=0

(bn + ian)

�
x+ iy

r0

�n

; (1)

where Bx and By denote the horizontal and vertical magnetic �eld respectively, Bref a

reference �eld, x and y the horizontal and vertical position, r0 a reference radius and i

the imaginary unit. The reference radius chosen for most of the RHIC magnets is 25 mm.
The multipole coe�cients bn denote normal and the coe�cients an skew components of
the �eld and are quoted in units of 10�4. Persistent currents generate all multipoles which
are allowed by coil symmetry, i.e. b0, b2, b4, ... in dipoles and b1, b5, b9, ... in quadrupoles.

At injection energy, the sextupole �eld errors b2 from persistent currents can be signif-
icant due to their size and time-dependence. The chromaticity stemming from persistent
currents can surpass the natural chromaticity and its uncorrected change during injection
may be unacceptable for operation. Time dependence is not only observable as a slow

decay at the injection level but also as a snap-back to the original multipole value when
acceleration starts. For the four large hadron machines in existence or under construc-
tion, Tab. 1 gives an overview of the e�ect of persistent currents on the chromaticity
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Table 1: Overview of the e�ect of persistent currents on the chromaticity at injection in various large

hadron accelerators [2{7].

Energy Natural Persistent current Change over
range Chromaticity Chromaticity 15min�

Etop=Einj �x;n �y;n �x;b2 �y;b2 ��x ��y
Tevatrony 7 �20 �20 �140 +119 +8 �7
HERA-p 23 �44 �47 �275 +245 +26 �23
RHIC 10 �55 �57 �38 +36 +2 �2
LHC 16 �80 �80 �600 +600 +180 �180

� Uncorrected chromaticity change, starting 2 min after reaching the injection plateau.
y Original �xed target con�guration.

at injection. For an e�ective correction of persistent current e�ects, reproducibility and
predictability are important. In this article we compare for both RHIC rings the expected
chromaticity changes from magnet measurements with measured chromaticity changes.

In the following we present magnet measurements of persistent current decays, calcu-
lations of expected chromaticity changes at injection, and chromaticity measurements as
a function of time. During the year 2000 gold run, beam was injected in RHIC at a dipole

current of 462 A and ramped to 3169 A for physics stores. At the end of a store the dipole
current was ramped down to a park level of 50 A, after a stop at the injection level, and
back to the injection level. The ramp rate between the injection and storage level was
25 A/s, between the injection and park level it was 5 A/s. Time-dependent chromaticity
measurements in both the Blue and Yellow ring started 2 min after reaching the injection
current and extended over 15 min.

2 Magnet Measurements of Persistent Current Decays

The expected time-dependent chromaticity change can be deduced from two magnet mea-
surements. First, the persistent current decay was measured in 20 magnets at 660 A, a

current higher than the injection current of 462 A. Second, the decay was also measured
in a single dipole magnet at 470 A.

For the measurement of the decay in the 20 magnets, the current was ramped up to
5000 A and down to 25 A at a rate of 80 A/s, and then back up to 660 A at a rate of
16 A/s. Fig. 1 shows the change in b2 in these magnets after reaching 660 A on a linear
time scale in part (a) and on a logarithmic time scale in part (b).

To describe the measured data, they were �tted to two functions. First, a logarithmic
time dependence was assumed according to

b2 = c0 + c1 log10(t=�1) with �1 = 1 s; (2)

Such a time-dependence is characteristic of a relaxation process, namely the ux creep
phenomenon in hard superconductors. The HERA magnets could be characterized this

2



                               

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

0 100 200 300 400 500 600 700 800 900 1000

Time [s]

∆b
2 

[u
ni

ts
 a

t 
25

 m
m

]

Data in 20 Magnets

Two Exponentials Fit

Log(t) Fit

                               

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

1 10 100 1000Time [s]   

∆b
2 

[u
ni

ts
 a

t 
25

 m
m

]

Data in 20 Magnets
Two Exponentials Fit
Log(t) Fit

(a) (b)

Figure 1: Time-dependent change of the sextupole coe�cient in 20 RHIC dipoles at 660 A. Part (a)

shows the dependence on a linear time scale, part (b) on a logarithmic time scale.

way [8]. Another �t for the RHIC magnets can be obtained with two superimposed
exponentially decaying terms according to

b2 = c0 + c1e
�t=�1 + c2e

�t=�2: (3)

An exponential decay is expected when the eddy current loops are partly superconductive
and partly resistive. Such loops could be between �laments or strands. Eddy current
loops between �laments, however, should have decay constants of less than a second
and should be irrelevant on the time-scale of our investigation [8]. In Tab. 2 the �tted
coe�cients are shown for both functions together with the change in b2 over 15 min,
starting 2 min after reaching 660 A. The �tted functions are also shown in Fig. 1. The
�t with Eq. (2) overestimates the decay while the �t (3) underestimates the decay. The

�tted time constants in Eq. (3) are not very robust, i.e. small changes in the experimental
data can change these time constants considerably.

Since the persistent currents are approximately independent of the main �eld at trans-
port currents well below the critical current, the coe�cients c0, c1 and c2 in Eqs. (2) and
(3) can be scaled with the reference �eld. For 462 A the average dipole �eld is 0.3260 T,
for 660 A the �eld is 0.4663 T. The result of scaling is also shown in Tab. 2. However,
measurements in a single LHC dipole prototype, built at BNL, seem to indicate that
such a simple scaling tends to overestimate the persistent current decay when scaled from
higher to lower current. Furthermore, the magnets were cycled to 5000 A, higher than the

3169 A used in the beam-based measurements. Measurements in a single RHIC dipole
show that the persistent currents decay faster when the magnet is cycled to a higher
current [9].
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Table 2: Time-decay coe�cients from magnet measurements. Coe�cients for the logarithmic �t are

according to Eq. (2), coe�cients for the two exponentials �t are according to Eq. (3). The change in b2

is computed from 2 min to 17 min with the �tted functions. b2 and the coe�cients c1,c2 are quoted in

units of 10�4.
Measurement Logarithmic �t Two exponentials �t

c1 �b2 c1 �1 c2 �2 �b2
[1] [10�4] [1] [s] [1] [s] [10�4]

20 magnets at 660 A, average +0:52 0.49 �0:35 19:7 �0:78 151:0 0.35

20 magnets scaled to 462 A +0:75 0.69 �0:50 19:7 �1:11 151:0 0.50

1 magnet at 470 A +0:85 0.79 �1:42 49:4 �0:43 458:0 0.41

Extensive measurements of dynamic e�ects, including the sextupole time decay and
snap-back, have been carried out with a single dipole using a fast measuring coil system
that rotates with a period 0.66 seconds. A detailed report summarizes all these data [9].

Fig. 2 shows the sextupole time decay at 470A, after cycling the magnet to 3500 A and
down to 25 A before bringing it to the injection level. The ramp rate during the cycling

was 60 A/s. The time t = 0 is chosen to be the moment when the power supply current
reaches 450 A. Part (a) shows b2 on linear time scale, part (b) on a logarithmic time scale.
It is evident that a simple linear relation between b2 and log(t) is not followed by the data
over the entire range. The result of �tting these data to the functions (2) and (3) are also
shown in Tab. 2.

For beam based measurements, a time interval of 15 min, starting at 2 min, was covered.
This lies partially outside the time interval of the magnet measurements. However, the
changes beyond 600 seconds are small. Based on the available data and the �ts given by
Eqs. (2) and (3) b2 should not change by more than 0.07 units between 600 seconds and

1020 seconds.
The expected change in b2 from the scaled measurements of the 20 magnets at 660 A

di�ers from the expected change in b2 from the single magnet measurement at 470 A
by some 20%. However, as Fig. 1 shows, individual magnets can di�er in their behavior
signi�cantly from each other. The change in the sextupole coe�cient from 150 seconds
to 600 seconds ranged from 0.15 to 0.36 units, with a mean of 0.28 units and a standard
deviation of 0.05 units. We will therefore use the scaled measurement of the 20 magnets
for an estimate of the expected chromaticity change.

The dependence of the persistent current decay on the ramp rate has been measured

in a LHC prototype magnet. This magnet uses the same coil design as the RHIC dipoles,
but is a twin aperture magnet with a di�erent yoke design. The superconductor is also
di�erent from the RHIC conductor. For the LHC prototype the di�erence in the �t
parameters c0, c1, c2 and �1, �2 in Eqs. (2) and (3) for ramp rates of 25 A/s and 50 A/s
does not exceed 9%. We therefore disregard this e�ect for the RHIC magnets.

Magnet measurements of persistent current decays were also done for the Tevatron
(see Ref. [2]), HERA (Refs. [10,11]) and the LHC (Refs. [12{14]).
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Figure 2: Time-dependent sextupole coe�cient in a single RHIC dipole at 470A. Part (a) shows the

dependence on a linear time scale, part (b) on a logarithmic time scale.

3 Expected Chromaticity Change From Persistent Current

Decay

In this section we compute the expected chromaticity change from the magnet measure-
ments shown in Sec. 2. We will make an analytical estimate and use two optics programs
for this purpose. An overview of RHIC is given in Ref. [15].

3.1 Analytical Estimate

We use as de�nition for the chromaticity

�x;y =
�Qx;y

�p=p
(4)

where Qx;y are the transverse tunes and �p=p is the relative momentum deviation. The
change of chromaticity ��x;y associated with the change of the sextupole component �b2
can be computed as (see for example Refs. [16,17])

��x;y = �

1

2�

1

(B�)

I
�x;y(s)

Bref�b2(s)

r2
0

�x(s)ds: (5)

where �x;y is the lattice beta function and �x the dispersion. Bref may be di�erent from
the B in the rigidity (B�). Assuming sextupole errors only in dipoles Eq. (5) can be
written as

��x;y = �

1

2�

1

(B�)

Bref�b2

r2
0

NIx;y (6)
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where N denotes the number of dipoles and the integrals

Ix;y =

Z
l2

l1

�x;y(s)�x(s)ds (7)

extends over a dipole in a FODO cell. We only consider dipoles in FODO cells. With

optics programs it can be determined that the contributions from the interaction regions
is only ��x;y = 0:1��b2;IR, which is small compared with the whole machine (see Tab. 1).
This is due to the fact that the DX (beam separators) and D0 magnets on both sides of
an interaction region cancel each other and the dispersion in the remaining interaction
region dipoles is small.

For simplicity we assume that the FODO cells of length Lp have equal phase advance
� in both planes and a bending angle � for the whole cell. The integrals Ix;y can be
computed using a thin-lens approximation as [18]

Ix =

Z
l2

l1

ds

�
�+ � 2s

1 + sin �

2

cos �

2

+ 4s2
tan �

2

Lp

�
�

�
�+
�
1 � 2s

sin �

2

Lp

�
+ s2

�

2Lp

�
(8)

and

Iy=

Z
l2

l1

ds

"
�+�2

�
Lp

2
� s

�
1 + sin �

2

cos �

2

+ 4

�
Lp

2
� s

�2 tan �

2

Lp

#
�

�
�+
�
1�2s

sin �

2

Lp

�
+s2

�

2Lp

�
:

(9)

The maximum beta function �+ and dispersion �+ of the cell are given by [18]

�+ =
Lp(1 + sin �

2
)

sin�
and �+ =

Lp�(1 +
1

2
sin �

2
)

4 sin2 �

2

: (10)

For RHIC at injection we have (B�) = 79:0 Tm, Bref = 0:326 T, r0 = 25 mm, N = 144,

l1 = 2:5 m, l2 = 12 m, Lp = 29:6 m, � = 1:41 rad, and � = 77:8 mrad. Substituting
everything in Eq. (6) and solving the integrals Ix;y numerically we obtain

��x = 4:9��b2 and ��y = �4:4��b2: (11)

3.2 Estimate from Optics Programs

For RHIC we use two optics programs, MAD [19] for design and Teapot [20] as an online
model in operation. In both cases magnetic �eld errors can be introduced in the lattice.
The natural chromaticity and the e�ect of a sextupole �eld error in the dipoles was
determined and is shown in Tab. 3 together with the analytical estimate.

The analytical estimate and the coe�cients determined fromMAD agree very well. The
Teapot coe�cients are slightly di�erent since Teapot uses a single kick approximation for
every dipole while the analytical estimate and MAD use a thick lens model. An estimate
for the expected di�erence can be obtained by replacing the integrals Ix;y in Eq. (6) by

the product �x;y(
l1+l2

2
)�x(

l1+l2

2
)(l2 � l1) which uses only the function values in the center

of the dipole. A di�erence of 0:4��b2 is obtained which explains most of the di�erence
between the MAD and Teapot coe�cients.
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Table 3: The e�ect of a change in the sextupole component on the chromaticity from an analytical

estimate, MAD and Teapot. b2 is given in units of 10�4 at a reference radius of r0 = 25mm.

Natural Chromaticity due
Chromaticity to b2 in dipoles

�x;n �y;n �x;b2 �y;b2
Analytical � � +4:9� b2 �4:4� b2
MAD �54:9 �56:5 +4:9� b2 �4:3� b2
Teapot �54:7 �56:6 +4:2� b2 �4:0� b2

4 Measurements of the Time-dependent Chromaticity

The chromaticity was determined by measuring the tune at di�erent average radii and
therefore momenta. The tune was obtained from the Fourier transforms of transverse

beam oscillations over 512 turns after the beam was excited with a single small kick [21].
The momentum was changed by �p=p = �0:0017. The chromaticity was measured
every 16 seconds beginning 2 minutes after reaching the injection plateau. Measurements
extended over 15 minutes. Both the Blue and the Yellow ring were measured in gold
operation. In Figs. 3 and 4 the results of the time-dependent chromaticity measurements
are shown on a linear and logarithmic time scale respectively.

Since the chromaticity change is proportional to the change in the sextupole coe�-
cient b2 (see Eq. (5)), we attempt to �t the chromaticity to two functions equivalent to

Eq. (2) and Eq. (3). These are

�x;y = �c0 + �c1 log10(t=��1) with ��1 = 1 s; (12)

and

�x;y = �c0 + �c1e
�t=��1 + �c2e

�t=��2: (13)

The experimental data make a �t to �ve parameters in Eq. (13) di�cult. Furthermore
the fast decaying component in Eq. (13) has largely decayed when the beam-based mea-
surements start (compare with Tab. 2). We therefore set �c1 = 0 and perform only a three
parameter �t. The results are shown in Tab. 4 along with the change in chromaticity over
a 15 min interval starting 2 min after reaching the injection level.

Tab. 4 also shows the chromaticity change expected from both magnet measurements,
the scaled measurement of the 20 magnets and the single magnet measurement. The
beam-based measurements agree better with the single magnet measurement than with

the scaled measurement of the 20 magnets. The coe�cient � in Tab. 4 gives the deviation
of the chromaticity measurement to the expectation from the single magnet measurement.
For the exponential �t, � ranges from -2% to 26% with an average of 0%. The single
magnet is a good representative for the average machine. The di�erence between expected
and measured chromaticity change reaches is up to 50% when the measurement of the 20
magnets and the logarithmic �t is used.
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Figure 3: Measured chromaticity in the two RHIC rings on a linear time scale.
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Figure 4: Measured chromaticity in the two RHIC rings on a logarithmic time scale.
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Figure 5: Comparison between chromaticity changes expected from magnet measurements and measured

chromaticity changes on a linear time scale in part (a) and logarithmic time scale in part (b). Shown are

the exponential �t function.

Fig. 5 also shows the comparison between the expectation from both magnet mea-
surements and the chromaticity measurements, again on a linear an a logarithmic time
scale. The single magnet behavior not only agrees much better with the chromaticity
measurements at the end of the measurement interval, but also during the interval.

5 Summary

Magnet measurements of persistent current decays in RHIC dipoles show neither a clear

logarithmic nor a clear exponential dependence but indicate both components. The rel-
atively small chromaticity changes that can be computed from the measurements of a
single magnet agree well with beam-based measurements. The single magnet is a good
proxy for both the Blue and Yellow ring with respect to the persistent current decay at
injection. The agreement with a scaled measurement of 20 magnets, carried out at a
higher current and with a di�erent cycle, is less satisfactory.
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